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CONTACT-DAMAGE RESISTANT CERAMICS

AFOSR GRANT NUMBER F49620-96-1-0164 00 - |-© [0+ :

_ Nitin P. Padture
Department of Metallurgy and Materials Enginecring
University of Connecticut, Storrs, CT 06269-3136

Subra Suresh
Department of Materials Science and Engineering -
Massachusetts Institute of Technology, Cambridge, MA 02139-4307

Abstract -
The concept of elastic-modulus-graded ceramics for improved resistance to quasi-static
contact damage (Hertzian-indentation), sliding-contact damage, and wear was investigated. In
these graded materials, the in-plane elastic modulus (E) is low at the contact surface and high in
the interior (substrate) with a continuous, or step-wise continuous, E-gradation in-between.
Processing strategies for fabricating such E-graded ceramic composites in the Al,0;-glass, the
Si,N,-glass, and the Si;N,-SiC systems are described. The Hertzian indentation (quasi-static and
sliding) behavior of these composites, along with some results from wear tests, are presented. -
Computational modeling (finite-element analysis or FEA) results are also presented, and are used
to discuss the role of E-gradients in imparting contact-damage resistance to these materials. The
use of calibrated FEA models as predictive tools for the design of next-generation graded
materials is also discussed. '

1. Introduction and Background ; , :

Because of their innate hardness and stiffness, ceramics are routinely used in contact -~
applications, where component surfaces are subjected to large stresses over highly localized
contact areas (e.g. bearings, valves, nozzles, rollers, armor, wear-parts, microelectronic devices,
dental implants, prostheses). This kind of contact-loading configuration, in the elastic limit, is
typified by the Hertzian indentation test, which can also be used to gain fundamental information -
about the contact response of the material '. In this test, a punch or a sphere is used to deliver the
contact load onto a test specimen, normal to the contact surface. Beyond a critical load, Hertzian
- cracks of the shape of a truncated cone (frustum) develop in the test ceramic. The tensile stresses
generated by the indentation cause these cracks to initiate just outside the contact circle and
propagate downwards and outwards into the material. These Hertzian cone cracks, which are
extremely deleterious to strength and tribological performance, compromise the overall structural
integrity of the ceramic component (see, for example, Refs. L2.3y

Several approaches have been used to suppress the formation and propagation of Hertzian
cone crack in ceramics. Most of them entail the introduction of a layer of compressive residual
stresses at the surface using a variety of surface-modification techniques, such as tempering !
layering “, phase transformation 5, coating ¢, ion-exchange ’, ion-implantation ¥ differential
densification °, and grinding '°. Other approaches are based on the introduction of
heterogeneities within the microstructures of a ceramic ' > or phase changes . These
heterogeneities can be in the form of elongated grains with weak grain boundaries or phase-




transforming particles which, under contact loading, suppress Hertzian cone cracks by creating a
zone of distributed shear damage (inelasticity) beneath the indenter. Layering approaches based
on this type of inclasticity have also been devised '*'>'°. However, all these approaches have
some drawbacks, including cracking along interfaces and susceptibility to mechanical fatigue 1
' and wear.

In this context, a new, fully-elastic approach for suppressing the formation of Hertzian
cracks was invented by recourse to functionally-graded ceramics ' % 2 #2526 27 I this
approach, the contact-surface region is elastic modulus (E) graded, such that the E is low at the
contact surface and high in the interior. In such a E-graded ceramic, the principal tensile stresses
that drive the cone cracks diffuse away from the surface, resulting in the suppression of the
cracks. , ,

The E-gradation approach is also useful in suppressing damage under sliding contacts,
where a Hertzian sphere, under load, is translated normal to the loading direction at very low
speeds. In the case of high-speed sliding wear conditions, where the contact loads used are
typically very low, the E-gradation approach may be of limited applicability.

2. Theoretical Basis : : : :

Although there has been some theoretical work on the analysis of contact loading of
graded structures in the geomechanics literature, the first comprehensive analysis pertaining to
advanced materials was performed by Giannakopoulos and Suresh %21 An important finding of
that study, relevant to the design of contact-damage-resistant elastic materials, is that certain
types of E-gradations result in a beneficial redistribution of Hertzian tensile stresses in the
material. ' :

P

Monolithic (E=E,) Graded (E=E+E ") Z |
Fig. 1. Schematic diagram showing Hertzian indentation of monolithic (E=E;) and E-
graded (E=E,+E,z', approaching E;) materials (cross-section views). Formation of the
Hertzian cone-crack is depicted in the monolithic material. Schematic E-profiles are
shown on the right. -

Consider a monolithic material with a constant elastic modulus (Ej) and a material with
E-gradation represented by a power-law function: o
" E=E;+E,7, ' (1)
where E; is the elastic modulus at the contact surface, E,is a constant, z is the depth below the
contact surface into the material, and k is a positive exponent (Figs. 1A and 1B). Under Hertzian




indentation (sphere of radius R), the monolithic material will develop a cone-crack when loaded
beyond a critical contact load P*. The cone crack nucleates at the surface and is driven by the
Hertzian principal stress 6,, which is tensile outside the contact circle and drops off rapidly with
depth z 2. The o, scales with the indentation pressure p, given by P/ra?, where P is the contact
load and a is the contact radius. In the E-graded material, the elastic modulus is low at the
contact surface, and it increases with depth z. As a result, the principal stress o, is redistributed
relative to the monolithic case: by virtue of the higher E, G, is higher in the interior of the
material where it is least deleterious, and it is lower at the contact surface. This is somewhat
analogous to fiber-reinforced composites, where majority of the applied stress is borne by the
fibers by virtue of their higher E %. The net result of such stress redistribution is that, for a range
of contact loads P*<P<P,,., the &, is not sufficiently high to cause cone cracking in the E-graded
material, whereas in the monolithic material, cone-cracking is expected under the same contact
load. Note that cone-cracking is expected in the E-graded materials at sufficiently high contact
loads >P,,,. : '

To experimentally corroborate these theoretical predictions and to explore other possible
interesting contact-mechanical properties of E-graded materials, several sets of experiments and
finite-element analyses (FEA) were conducted. In order to preclude complications associated
with plastic deformation under contact loading in metals and polymers, these studies were
limited to brittle, elastic ceramic systems. ‘ C

3. AL,O;-Glass System . _ ' ;

Fig. 2A shows the processing strategy for the fabrication of a E-graded Al,O,-glass
composite. This method involves the impregnation of a dense, fine-grained Al,O, of E=380 GPa
by a low-elastic-modulus (E=70 GPa) alumino-silicate glass at elevated temperatures (1690 °C
for 2 h in air), where the glass penetrates the ALO; grain boundaries ***. The monolithic Al,O,
was sintered in-house using AKP-30 A1,0, powder (Sumitomo Chemical, Japan) doped with 500
ppm MgO, and the glass was obtained commercially (Code 0317, Corning Inc., Corning, NY).

(A)
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Fig. 2. (A) Schematic diagram showing the p rocessing scheme for fabricating E-graded
AL,0,-Glass composite (cross-section views). The glass and Al,0; have the same
Poisson’s ratio and thermal expansion mismatch. (B) E-profile of the resulting E-graded
ALO,-Glass composite; straight line force-fitted to data. After Refs. ™.

% In order to eliminate closed porosity generated as a result of the glass impregnation process,
hot-isostatic pressing was performed at 1500 “C at 100 MPa in N, atmosphere for 1 h %.




Both the ALO, and the glass had the same Poisson’s ratios (v=0.22) and the same thermal
expansion coefficients (0=8.8x1 0 °C"). Fig. 2B shows the E-profile of the resulting composite,
as determined by cross-sectional image analysis in conjunction with a two-phase elastic model *.
The amount of glass was found to vary from 42 vol% at the surface to 0 vol% in the interior over
a depth of ~2.5 mm. -

While monolithic glass and Al,O; subjected to Hertzian (spherical) indentation tests
resulted in classic cone cracks (Fig. 3A), under the same test conditions, cracking in the E-graded
Al,0,-glass composite was suppressed completely (Fig. 3B). This is despite the fact that the E-
graded Al,0;-glass composite has a lower toughness at the contact surface (2.3 MPa.m®)
relative to the monolithic ALO; (3.3 MPa.m’®). Also, there was no evidence of inelastic
deformation. ' ‘ ‘

Fig. 3. Cross-sectional view (optical) of Hertzian indentation damage in: (A) monolithic
AL O, and (B) E-graded A1,0,-glass (P=3000 N, WC-Co ball indenter R=4.76 mm).
Arrows indicatetips of the cone-crack. After Ref. ”, '

4. Finite Element Analysis (FEA) ‘ : :
FEA was used to determine the distribution of Hertzian principal stress 6, in monolithic
and E-graded materials under the above experimental indentation condition. FEA was also used
as a predictive tool to simulate stress fields for a range of hypothetical E-gradients, in an effort to -
provide guidelines for the design of E-graded material structures. The FEA was performed using
- a general purpose finite element package (ABAQUS Version 5.7, Hibbitt, Karlsson and
Sorenson Inc., Providence, RI) 19 Complete details of the numerical implementation of the
" indentation of graded materials are given in Refs. ***"*"*%, The finite element mesh consisted of
4625 four-noded elements with 5058 nodes. An axisymmetric formulation was employed for the
calculations. The spherical indenter was taken to be parabolic ( | z| = 2R, where r is the radial
distance from the center of the contact circle), which is a good approximation for a sphere at
normalized contact radii @/2R < 0.2. The absolute size of the mesh is also important. As such,
the outer boundaries were designed to be at least 50 times the contact radius a. This ensures
semi-infinite far field boundary conditions. Hertzian indentation was simulated on all bulk and
graded materials studied, assuming purely elastic behavior. The input for FEA were the elastic
propetties of the indenter (E=614 GPa, v=0.22) and the specimen materials. In the case of the
monolithic material it was simply E=386 GPa, whereas for the E-graded materials a user
subroutine was used to input the E-profile (E-z power-law function: E=254+85z"%; units of GPa
and mm). This is a slightly different E-profile than the one shown in Fig. 2B and is for a
different E-graded Al,0,-glass batch of materials. The in-plane elastic properties and the
Poisson’s ratio (v= 0.22) for all materials were assumed to be the identical. It was also assumed
that the indented materials wete free of residual stresses.




An indentation load of P=3000 N and a ball radius R=4.76 mm (identical to the Hertzian
indentation conditions used in the experiments) was applied in a single step. Extensive checking
of the mesh resolution was performed by solving the spherical indentation problem for the
monolithic material (constant elastic modulus); very good agreement (within 5%) was obtained
between the results from FEA and analytical solutions > **>*.  The accuracy of the FEA was
also checked by comparing the values of the contact circle radii, a, resulting from the FEA and
those measured experimentally, for both monolithic and graded materials. Once again, in each
case the differences were found to be within 5%. Although the output from FEA is the full stress
tensor, only values of the maximum principal tensile stresses at and just outside the contact circle
are reported here. '

Fig. 4 shows results from FEA, where the maximum tensile Hertzian stress G; at the
surface of the monolithic Al O, is 2.88 GPa (Fig. 4A), while that for the E-graded Al,O;-glass
composite is 1.53 GPa (Fig. 4C) — a reduction of ~40% 1. The maximum tensile stress for a
composite of constant composition of Al,0;-42vol% Glass (non-graded) was found to be 1.84

Fig. 4. FEA results for: (A) monolithic Al,O,, (B) A1,O,-42vol% Glass composite of
fixed composition (non-graded), and (C) E-graded Al,0,-Glass composite. Cross-
sectional views (one half) of iso-stress contours of the ¢, Hertzian principal tensile stress.
Hertzian indentation conditions identical to experiments (P=3000 N, WC-Co ball "
inder’:‘;er R=4.76 mm). The blank region under the indenter isintense compression. After
Ref. .




GPa (Fig. 4B). Since the thermal expansion coefficients of both the Al,0, and the glass were
matched, no residual stresses could be detected at the surface using two independent techniques:

photo-luminescence piezo-spectroscopy and Vickers indentation. ' Thus, it was concluded that

the suppression of Hertzian cone-cracking in the E-graded Al,0;-glass composite, despite its
lower toughness, was solely due to the reduction of the maximum tensile Hertzian stress by

virtue of the E-gradation *°.

5. Sliding Contact : : _
Crack-suppression was also observed during slow-speed sliding of a Hertzian indenter
(steel ball R=10 mm, E=280 GPa) across top contact surface of the E-graded Al O,-glass
composite (Fig. 5). Note the formation of “herring-bone” cracks in the monolithic ALO, at much
lower loads (P=1600 N), whereas no cracks are seen in the E-graded case at P=2200 N 2 In

both cases the friction coefficient, |1, was measured to be 0.08.

S5

Sliding Direction

Fig. 5. Top view (optical) of sliding Hertzian indentation damage in: (A) monolithic
AlL,O, (P=1600N) and (B) E-graded Al,0,-Glass composite (P=2200 N). Inbothcases
steel ball indenter R=10 mm was used, with a sliding velocity of 0.3 mms™.

After Ref. 2.

The FEA analysis of frictional sliding contact requires a three-dimensional model. A
method, which facilitates such three-dimensional analysis with appropriate modifications of the
two-dimensional axisymmetric models, is the ring-element approach 2132 The advantage of this
approach is that it maps the entire three-dimensional field affected by indentation into a radial-
axial plane of reference that includes the direction of sliding 2132 This method, full details of
which can be found in Ref. *, requires less than 1/80"™ of the computational time as compared to
a full three-dimensional analysis for the particular problem considered here a0 .

In the simulations, first the normal load was applied monotonically until it reached the
peak load P used in the experiments. Then the tangential load Q was gradually increased up to
its maximum value WP, while the normal load P was held constant. The input for FEA were the
elastic properties of the steel indenter (E =280 GPa, v=0.3) and the specimen materials, given in
~ the section above. Similar to the FEA of Hertzian indentation, the accuracy of the FEA of
sliding contact was checked by comparing the values of the contact circle radii, @, resulting from




the FEA and those measured experimentally, for both monolithic and graded materials. Once

again, in each case the differences were found to be within 5%. The FEA results for sliding L

contact are shown in Fig. 6, where the maximum principal tensile stress (o)) at the trailing
contact edge is found to be 1.2 GPa for the monolithic case, as compared with 0.9 GPa for the E-
graded case. The reduced maximum tensile stress at the surface in the E-graded material is
deemed responsible for the suppression of the “herring bone” cracks in that material. ,
Cracking associated with non-static contacts controls other related properties such as
erosion and impact resistance. Therefore, the E-gradation approach which is used to suppress

“Fig. 6. Results from FEA showing iso-stress (o,) contours for the sliding Hertzian
indentation of: (A) monolithic A1,O, and (B) E-graded Al,0,-Glass composite (P=1600
N, steel ball indenter R=10 mm). Top figures in both (A) and (B) are half top-views and
bottom figures are full cross-section views. After Ref. *'.

7




contact-induced cracking is also likely to be useful in enhancing the resistance of ceramics '
* subjected to erosion and impact. This has been demonstrated to be the case 1n the E-graded
AL O;- glass composﬁeq where significant improvements in erosion resistance ** and 1mpact
resistance **

6. Si;N,-Glass System
Due to its combination of high toughness and hardness, SizN, is the ceramic of choice for

contact applications (e.g. bearings, wear-parts, valves, seals). In order to demonstrate the use of

the above E-gradation concept for improving the contact- damage resistance in Si;N,, the same o

processing strategy depicted in Fig. 2A was used to process E-graded Si;N,-glass composites
In this case, dense, fine-grained Si;N, (E=310 GPa) was impregnated by an oxynitride glasq
(E=110 GPa) at 1500 °C for 2 h in argon atmosphere; both the monolithic Si;N, and the

oxynitride glass were prepared in-house. Post-processing hot-isopressing was not necessary in

the this case. The Si;N, and the oxynitride glass had the same Poisson’s ratios (v=0.22) and the

same thermal expansion coefficients (~3.5x10° °C"). Figs. 7A to 7C show cross-sectional
microstructures taken using a scanning electron microscope (SEM) of the E-graded Si;N,-glass
composite (chemically-etched using hydroﬂuorlc acid) at 3 different glass-impregnation depths
2. Note the decreasing amount of glass with increasing depth, as delineated by HF-etching,
which has etched the glass away. The corresponding E-profile is plotted in Fig. 8, showing a -
~38% increase in E over a depth of ~400 um. The E-profile was measured using two methods,
image analysis in conjunction with the two-phase model and quantitative nanoindentation,
showing excellent agreement. The amount of glass was found to vary from 31 vol% at the
surface to 0 vol% in the interior over a depth of 400 um. The surface toughness of the
monolithic Si;N, and the graded Si;N,-glass composite was found to be 4.5 MPa. m®?and 2.3
MPa.m®, respectively .

Fig. 9A shows Hertzian cone-cracks produced in monohthlc Si;N,, while no cracks are
seen in the graded Si;N,-glass composite (Fig. 9B) under identical indentation conditions 2. The
FEA, using the method described in section 4, results in Figs. 10A and 10B show that the
* maximum tensile Hertzian stress at the surface of the monolithic Si;N, is 2.56 GPa, while that for
the graded Si;N,-glass composite is 1.76 GPa, a reduction of ~30% 22 Note that an E-profile of
the type E—250+300z° 45 (units of GPa and mm) was used, which is shght]y different from the
one observed in Fig. 8. Since the thermal expansion coefficients of both the Si;N, and the glass
were matched, no residual stresses are expected. This once again demonstrates that, by virtue of
the E-gradation alone, the principal tensile Hertzian stresses that drive the cone cracks diffuse
away from the surface into the interior where they are less deleterious.

Although the experimental studies were limited to one particular E-graded matenal in thlS
system with a certain E-profile, the calibrated FEA can now be used as a predictive tool to
simulate stress fields for a range of hypothetical E-gradients, in an effort to provide guidelines
for the design of E-graded material structures. To that end, four different types of hypothetlcal :
E-profiles (see Eqn. 1) were considered, and are plotted in Fig. 11 2 The Hertzian indentation
responses for these E-profiles were then computationally simulated, and the corresponding
maximum principal tensile stress 6, which is responsible for the Hertzian cone cracks, was
computed. The FEA Hertzian indentation conditions were the same as those used in the
experiments. The reductions in the maximum tensile stress for the graded surfaces relatlve to the
monolithic Si;N, case, are also given in Fig. 11. :




Fig.7. SEM micrographs of chemically (HF)-etched Si,N,-glass graded material at 3
different glass-impregnation depths: (A) z = 0 (surface), (B) z =0.1 mm, and (C) z=0.5 -
mm (bulk). Note that the glass has been etched away by the hydrofluoric acid. After

Ref. %%, :




0— ‘ Surface

O Nanoindentation
' e Image Analysis
,é\ 0.1 - [ ] | o
£ !
v |
e
,.5” 02} : -
§ .
{ 0.3} P : -
|
! Bulk

04 :
200 250 300 350
Elastic Modulus, E (GPa)

Fig. 8. Elastic modulus profile of the E-graded Si;N-glass; glass impregnated at 1500°C
for 2 h. The elastic modulus (E) at a given depth (7) was estimated using two different
methods: (i) quantitati ve image analysis in conjunction with a two-phase model (solid
symbols) 22 and (ii) quantitative nanoindentation (open symbols).

Fig. 9. Optical micrographs showing cross-sectional views of Hertzian indentation
damage in: (A) monolithic Si;N, and (B) E-graded Si;N -glass. Hertzian indentation
performed under identical condltlons P=3000 N, WC Co ball indenter R=4.76 mm.
After Ref 2, , :

10




Flg 10 FEA results for: (A) monohthlc Si;N, and (B) E—graded Si N4 -glass. Cross-
sectional views (one half) of iso-stress contours of the 6, Hertzian principal tensile
stresses. Hertzian indentation conditions identical to expenment% (P=3000N, R=4.76
mm). The blank region under the indenter is intense compresmon A rrow indicates edge

of the contact. After Ref. *%
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Fig. 11. Hypothetical E-profiles (a to d) and the corresponding % reduction inthe G,
Hertzian principal tensile stresses computed from FEA. E-profile (e) repres ents the
Si,N,-glass E-graded material (Fig. 10). The vertical dashed line represents monolithic

Si,N, elastic modulus. After Ref. .
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First consider the effect of E-profile shape: curves (a) linear or (b) parabolic, with the
same E=200 GPa and E,=250 GPa, in Fig. 11. The % reduction is somewhat greater (45%) for
the parabolic E-profile as compared to the linear E-profile (41%). A more rapid change in E'in
the near-surface region — a region where the tensile stresses drop-off rapidly with depth (Fig.
10) — results in a greater decrease in the maximum tensile stress. However, at a given depth
near the surface the absolute E is higher for the parabolic E-profile case, which results in an
increase in the maximum tensile stress. These countervailing effects rationalize the small
differences in the relative reductions in the two cases. This notion is further reinforced by
considering another linear E-profile (curve (c)) in Fig. 11. Although curve (c) is steeper relative
to curve (a), the absolute value of the elastic modulus, E , is relatively higher at a given depth
near the surface. The latter effect is more pronounced here, resulting in only a 33% reduction in
the maximum tensile stress. Finally, the effect of Eg is shown in curve (d): a higher E at the
surface results in a significantly lower % reduction in the maximum tensile stress. Thus, in order
to achieve a significant decrease in the maximum tensile stress in a graded material under
Hertzian indentation relative to its monolithic counterpart, the following two design guidelines
emerge: (i) a large difference between Eg and Ej and (ii) a rapid decrease in E near the surface
(exponent k < 1, preferably < 0.5) . '

7. Si;N,-SiC System

Although Hertzian cone-cracks in these E-graded Al,O;-glass and Si;N,-glass materials
are suppressed, the contact surfaces of these materials contain 30 to 40 vol% glass, rendering
them brittle and prone to wear degradation * %, Fig. 12 compares the wear properties of the
various Si;N,-based materials *. For the Si;N,-glass graded material the wear transition from
plasticity-controlled mild wear to fracture-controlled severe wear occurs at ~8 min (Fig. 12A),
whereas that for monolithic bulk Si;N, occurs at ~150 min (Fig. 12B). To that end, stepwise-
graded composites in the Si;N,-SiC system were fabricated using pressureless co-sintering,
where the lower elastic modulus Si;N, (E=310 GPa) forms the tough, wear-resistant contact
surface and the higher elastic modulus SiC (E=390 GPa) forms the substrate ** **, Here fine
starting powders (<0.5 um) of both Si;N, (SN-E10, Ube Industries, J apan) and SiC (UF-15, H.C.
Stark, Germany), but a gradient in the amount of yttrium aluminum garnet (YAG) sintering
additive to match the sintering rates of the Si;N, and SiC end members: 2 vol% YAG + 98 vol%
Si;N, at the contact surface, grading to 20 vol% YAG + 80 vol% SiC in the substrate. The
stepwise-graded composite (Fig. 13) was created by laying down 9 powder layers of different
compositions and compacting them, followed by sintering under 0.1 MPa N, overpressure at
1900 °C for 1 h in a hot-isostatic press. Although the overpressure does not assist in the
sintering, it ensures the stability of both Si;N, and SiC in contact with each other at the sintering
temperature 2%, The contact-surface of this composite had a fine-grained Si;N, (~3 pm), 2
vol% YAG additive, and low porosity (3-5%). g

Fig. 14 shows the suppression of Hertzian cone-cracks in this stepwise-graded Si;N,-SiC
composite; cone-cracks are observed in monolithic Si;N, and SiC end members under identical
indentation condition (not shown here). It is believed that a combination of two factors primarily
contribute to this cone-crack suppression: (i) reduction in the maximum tensile Hertzian stress at
the surface by virtue of the E-gradient and (ii) thermal-expansion-mismatch residual compressive
stresses at the contact surface ¥, Note that inelastic damage can also contribute to the crack
suppression 2, but considering the small extent of the damage (Fig. 14), this mechanism is '

12
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Fig. 12. Wear scar diameter as a function of sliding time for: (A) E-graded Si;N,-glass
and (B) monolithic Si,N, and Si;N,-SiC graded composite. Data is plotted ontwo
different graphs for clarity. Each datum point represents average of 3 specimens per
material. Error bars are comparable to symbol size. Arrows indicate onset of transition
between plasticity- and fracture-controlled wear. Inset is a schematic diagram showing
one-half cross-sectional view of the testing geometry; shaded rectangle represents disk
specimen (3.18 mm radius, 2.5 mmthick) and the ball (Si;N,) radius is 6.35 mm. The
rotation speed is 100 rpm (0.04 m.s? surface velocity) and the contact load is 80 N, under
fully lubricated conditions. After Ref. ». '
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Fig. 13. Cross-sectional optical micrograph of the 9-layer Si;N,-SiC graded composite.
The phase compositions (vol%) and the elastic moduli of the individual layers are given
to the left and the right of the micrograph, respectively. After Ref. %,
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400 Em

Fig. 14. Optical micrograph showing cross-sectional view of the Hertzian indentation
damage in the 9 -layer, step-wise graded Si,N,-SiC graded composite (P=3500 N, WC-Co
ball indenter R=3.16 mm). Note the lack of cone-cracking, presence of small amount of
inelastic damage, and faint outlines of the interlayer boundaries. After Ref. 3,

Fig. 15. FEA results for a step-wise graded Si;N,-SiC composite. Cross-sectional views
(one half) of iso-stress contours of the ¢, Hertzian principal tensile stresses (P=3000 N,
R=4.76 mm). Theblank region under the indenter is intense compression. Arrow
indicates edge of the contact. After Ref. .
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likely to be less important here. With regards to the E-gradient, FEA (using the method
described in section 4) results show that the maximum tensile Hertzian stress at the surface of the
monolithic Si;N, is 2.56 GPa (Fig. 10A), while that for the stepwise-graded Si;N,-SiC composite
(with a slightly different E-profile that the one shown in Fig. 13) is 2.26 GPa (Fig. 15), a
reduction of modest 12% 2. With regards to residual stresses, there is a moderate thermal-
expansion mismatch between the Si;N, and SiC end members (Ao=1.5x10° °C") in this E-
graded material, which can induce compressive residual stresses (G~AGEAT) at the center of the
contact surface, of the order of 800 MPa for average E~350 GPa and AT~1500 °C. This
magnitude of o was independently confirmed using the Vickers indentation test . '

In addition to the cone-crack suppression, this E-graded composite possesses wear
properties that are significantly improved over monolithic Si;N, and graded Si;N,-glass
composite, where the wear transition occurs at ~400 min (Fig. 12B) »_ The improved wear
resistance, as manifest by the delay of the transition from plasticity- to fracture-controlled wear,
is attributed to the compressive stress (o) present at the Si;N, contact surface. Note that the
small loads used in the wear test (P=80 N, Si,N, ball radius R=6.35 mm) limits the active contact
stress field to the first layer (~150 pm). In other words, for the wear test, the length scale of the
E-gradient is much greater than the length scale of the contact stress field. A modification of the
wear model by Lawn and co-workers *7 has been successfully used to rationalize the wear results,
which provides a framework for the analysis of wear data, not only in terms of microstructural
variables but also in terms of other important variables such as residual stresses %, These results
show that the introduction of surface compressive residual stresses, which have been used in the
past to increase the strength and apparent toughness of ceramics, can significantly improve the
wear resistance of polycrystalline ceramics. This has important implications for the design of
contact-damage-resistant ceramics.

8. Concluding Remarks

Ceramics are being increasingly used in contact application, where length scales involved
can range from nanometers to millimeters.. Steep stress-gradients over these length scales are
ubiquitous in contact loading. In this context, we have demonstrated unequivocally that the E-
gradient approach can be used to alleviate the intensities of the stress gradients and to improve
the contact-damage resistance of ceramics. This approach relies on elasticity and is also very
versatile, making it attractive for use in many applications involving repeat loading: e.g.
bearings, valves, nozzles, rollers, ‘wear-parts, microelectronics, data storage devices, dental
implants, prostheses, MEMS, tooling for manufacturing. "Our understanding of contact-
mechanics of E-graded materials and its computational modeling has advanced to the extent that
we can now perform predictive modeling, and provide design guidelines for E-graded materials.
Processing of materials to achieve these E-gradients suitable for the appropriate applications is
perhaps the most challenging task ahead. Although the processing strategies will be highly
dependent on the specific material systems and geometries, there are several processing methods
available at our disposal: vapor-phase deposition; solution routes to deposition; thermal spray;
hydrothermal deposition; differential sintering; impregnation of porous or dense pre-forms;
diffusion. :
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